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Abstract
The headwaters of the Tigris River basin in Iraq is controlled by Turkey due to a series of dams constructed over the
last few decades. Since Total Dissolved Solids (TDS) in the Tigris River within Baghdad and downstream cities can
reach 1000 mg/L exceeding both drinking water and irrigation guidelines, a hydrodynamic and water quality model,
CE-QUAL-W2, of the river was developed to understand how changes in flow affect TDS downstream. A model of
880 km of the Tigris River from Mosul Dam to Kut Barrage including Tharthar Lake was constructed for 2009. Model
development was challenging due to a lack of in-situ measurements for calibration. Comparison of flow measurements
and model predictions at downstream locations agreed well with field measurements, with model flow errors generally
less than 2%. We evaluated the effect of changing upstream flow cond itions on total dissolved solids concentrations
in the Tigris River in order to see how headwater flow control affects TDS. A sensitivity study suggested that
increasing upstream river flow by 15% results in about a 5% decrease in TDS concentration. It was recommended to
maintain an average annual flow in the Tigris River within Baghdad above 420 m3 /s to keep total dissolved solids
concentration below 500 mg/L and to strictly control flows through Tharthar Lake and irrigation return flows into the
mainstem of the Tigris River.
Keywords: The Tigris River; Hydrodynamics; Water Quality Modeling; CE-QUAL-W2.

1

1 Introduction

The Tigris River is one of the largest rivers in the Middle East and is one of two primary rivers in Iraq (Fig. 1) that
provides the primary source for drinking and irrigation water in Iraq. Fluctuation in flowrates along the Tigris River
system is the primary cause for potential flooding and drought in Iraq. Water quantity and quality of the Tigris River
affects major cities along the river such as Mosul, Baeji, Tikrit, Samarra, Baghdad, Kut and Misan . Turkey contributes
about 38% of the flow of the Tigris River through the Turkey-Iraqi border and controls the headwaters of the Tigris
River (FAO 2008). As a result of development of dams in the headwaters, there has been a significant reduction in the
Tigris River average flow as it enters Iraq through the Turkey-Iraqi border (Al-Ansari 2013; Issa and Al-Ansari 2014;
Unver 1997).
Water quality in the Tigris River has been significantly degraded and negatively impacted by major pollution
sources caused by man-made activities such as discharging of untreated sewage and industrial effluents and by poor
wastewater treatment infrastructure (Al-Rawi 2005). A primary indicator of water quality is total dissolved solids
(TDS), since it directly limits and influences water suitability for drinking and irrigation consumption. According to
WHO (2008), the optimal TDS concentration is less than 500 mg/L and becomes generally unacceptable as TDS
concentration exceeds 1000 mg/L. Over the length of the Tigris River, TDS concentrations have increased
dramatically from Mosul Dam to Kut Barrage with a peak generally observed in the river section within Baghdad and
downstream cities during winter seasons due to urban runoff (Rabee et al. 2011). A combination of other factors such
as decreasing upstream flow at the Turkey-Iraqi border, diverting of highly saline water from Tharthar Lake, an
artificial lake located 100 km northwest Baghdad, to the mainstem of the river through Tharthar-Tigris canal, and
discharging of municipal, industrial, and agricultural return water directly into the mainstem of the Tigris River
contributes to a significant increase in TDS concentration in the river (FAO 2008; Mutlak et al. 1980; Rahi and Halihan
2010). A large body of literature has provided assessments of water quality in the Tigris River and has explained
potential drawbacks of degrading water quality in the river (Al-Janabi et al. 2011; Al-Jebouri and Edham 2012; AlLayla and Al-Rizzo 1989; Kadhem 2013; Khattab and Merkel 2014; Odemis et al. 2010; Varol et al. 2013).
In order to evaluate changes in TDS as a result of flow changes in the river, the two -dimensional (x-z) CE-QUA LW2 model (Cole and Wells, 2017) was selected in this study primarily because of modeling stratification dynamics in
Tharthar Lake and the possible extension of the study area to include the stratified Mosul Lake. Numerical modeling
with CE-QUAL-W2 has been widely applied to model hydrodynamics and water quality of surface waterbodies
including those with river and lake or reservoir water bodies (Kim and Kim 2006; Berger and Wells 2008; Park et al.
2014). Wells and Berger (2016) developed a hydrodynamic and water quality model of the Spokane River and Lake
Spokane in eastern Washington in the United States to evaluate the assimilative capacity of the waterbody. Van Glubt,
et al. (2017) evaluated the water quality of a reservoir and river system, the Chehalis River in USA, where water
quality was affected by changes in hydrology and flood control operations in upstream headwaters. Berger et al. (2018)
evaluated the impact of an upstream lake on the water quality of the Tualatin River using CE-QUAL-W2. Emphasizin g
the importance of stratification impacts on water quality, Ma et al. (2015) modeled density currents in a typical
tributary (Xiangxi Bay XXB) of the Three Gorges Reservoirs in China using the numerical model CE-QUAL-W2 to
study the relationship between phytoplankton and density currents.
The model of the Tigris River was developed and calibrated based on limited field data. In this paper, we investigate
the feasibility and utility of using CE-QUAL-W2 to study the impacts on TDS concentrations as a result of altering
the upstream hydrological conditions in the Tigris River.
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2 Material and Methods
2.1 The Tigris River Study Area
Along with the Euphrates River, the 1850 km long Tigris River forms the primary freshwater system in Iraq. About
58% of the Tigris basin lies within Iraq with a catchment area of 253,000 km2 . The average annual flow of the Tigris
River is 672 m3 /s as it enters Iraq, with a mean average of 701 m3 /s during 1960-1984 dropping to 596 m3 /s during
1985-2008 (Al-Ansari and Knutsson 2011). Generally, peak flows in the Tigris River occur between April and May.
Our study area extends from Mosul Dam (River kilometer, Rkm, 0 at the most upstream model segment) to Kut
Barrage (Rkm 880), as shown in Fig. 1. Four tributaries join the Tigris River study area: The Upper Zab (Rkm 120),
the Lower Zab (Rkm 240), Audaim River (Rkm 458), and Diyala River (Rkm 605), as shown in Fig. 1. Excess fresh
water from the Tigris River at Samarra Barrage, located 125 km upstream of Baghdad, is diverted to Tharthar Lake,
an artificial lake located 100 km northwest of Baghdad, through the Tigris-Tharthar canal, 75 km long, to prevent
potential flooding in Baghdad. High saline water is diverted from the lake to the Tigris River through the 65 km long
Tharthar-Tigris canal, which is located 25 km upstream of Baghdad, during dry seasons. Tharthar Lake and its canals
are also included in the Tigris River model.

Fig. 1 The Tigris River study area from Mosul Dam (River km 0) to Kut Barrage (River Km 880) (ArcMap).

2.2 Model Description and Performance Assessment
We use the 2-D numerical model CE-QUAL-W2 (W2) to model flow, stage, water temperature and total dissolve
solids (TDS) in the Tigris River system including Tharthar Lake. W2 is a two-dimensional (longitudinal and vertical)
water quality model developed by the U.S. Army Corps of Engineers and Portland State University (Cole and Wells
2017). W2 describes river/reservoir water levels, vertical and horizontal velocities, water temperature, and a userdefined number of water quality constituents including TDS, nutrients, algae, dissolved oxygen, and suspended
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sediment. W2 has been applied to over a thousand reservoirs, lakes and river systems all over the world (Cole and
Wells 2017). The governing equations of CE-QUAL-W2 are shown in the Appendix.
To evaluate the model performance, we use the mean error (ME) that shows model bias, the absolute mean error
(AME) that provides an indication of model performance and is a measure of the average error, and the root mean
square error (RMSE) that shows the average difference between observations and predictions. The goodn ess of fit
statistics of the model to the observed data were calculated as follows:

ME =

∑n
i=1 (Xobs,i −Xmodel,i )

AME =

(1)

n
∑n
|
|
i=1 Xobs,i −Xmodel,i

(2)

n
2
∑𝑛
𝑖=1(𝑋𝑜𝑏𝑠,𝑖 −𝑋𝑚𝑜𝑑𝑒𝑙 ,𝑖)

RMSE = √

(3)

𝑛

Where: n: number of observations; Xobs,i : the value of the ith observation of parameter X; Xmodel,i : the predicted value
of the ith observation of parameter X.
2.3 The Tigris River Model Setup and Development
The Tigris River mainstem, Tharthar Lake and its canals, were divided into waterbodies (i.e., a collection of model
branches that have similar turbulence closure and water quality parameter values and meteorological forcing),
branches (i.e., a collection of model segments with variable model slope or a reservoir with multiple side arms),
segments (i.e., a longitudinal segment of length ∆x), and layers (i.e., a vertical layer of height ∆z). The Tigris River
system model setup and input data required to run the model are described in the following section .
2.3.1 The Tigris River Model Setup
The mainstem of the Tigris River was discretized into four waterbodies (Wb1, Wb2, Wb3, and Wb4) as listed in Table
1. Latitude and longitude, bottom elevation of the grid, starting and ending branches of the waterbody were defined
for each waterbody. Since the channel slope varies, the mainstem of the river was divided into four branches (Br1,
Br2, Br3, and Br4). Tigris-Tharthar Canal, Tharthar Arm, Tharthar-Tigris Canal, Tharthar Lake, and Erwaeiya canal
were also included in the model and were discretized into five separate waterbodies (Wb5, Wb6, Wb7, Wb 8, and
Wb9) with five separate branches (Br5, Br6, Br7, Br8, and Br9), respectively . By defining upstream and downstream
external/internal flow, internal head, or dam flow boundary condition, all model branches were connected . Gates,
spillways, and hydraulic structures were defined to convey water through the system (Fig. 2).

Table 1 Dimensions of all waterbodies and branches of the Tigris River System (DS: Downstream, B: Barrage)
Number
Water
Starting
Ending
Branch
Number
Branch
of
Body
Active
Active
Length
of
Details
(Br)
Vertical
(Wb)
Segment Segment
(km)
Segments
layers
Wb1
Br1
2
70
350
69
82
From Mosul Dam to 15 km
DS of Tikrit
Wb2

Br2

73

80

40

8

82

From 15 km DS of Tikrit to
Samarra Barrage.

4

Wb3

Br3

83

137

256.5

55

82

From Samarra Barrage to 70
km DS of Baghdad

Wb4

Br4

140

189

233.5

50

82

From 70 km DS of Baghdad
to Kut Barrage

Wb5

Br5

192

206

75

15

82

Tigris-Tharthar Canal

Wb6

Br6

209

297

90

89

82

Tharthar Lake

Wb7

Br7

300

305

27

6

82

Tharthar Arm

Wb8

Br8

308

320

65

13

82

Tharthar-Tigris Canal

Wb9

Br9

323

342

97

20

82

From Samarra Barrage to
Tharthar Regulator

Fig. 2 Schematic diagram of the Tigris River system. BR represents model branch.
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2.3.2 Bathymetry and Grid Development
The Tigris River cross sections at 5 km increments from Mosul Dam (Rkm 0) to Kut Barrage (Rkm 880) were provided
from the Iraqi Water Resources Ministry (Fig. 1) and were used to develop the river grid for the CE-QUAL-W2 model
(Al-Murib 2014). Some missing cross sections were filled using linear interpolation. The bottom elevation of the river
(Fig. 3) was estimated using bathymetric data. The model grid of the Tigris River system consisted of 343 longitudinal
segments. Each model segment had 1 m vertical layer thickness. In addition, the topographic and the morphology of
Tharthar Lake from Sissakian (2011) was used to construct the grid for Tharthar Lake (Fig. 4). A set of polygons
along the North/South axis of the lake was created and subsequently the volume/area elevation curves of Tharthar
Lake were produced and were used to determine the cross -sections of each model segment.

Fig. 3 Bottom elevation of the mainstem of the Tigris River study area from Mosul Dam to Kut Barrage.

Fig. 4 Tharthar Lake grid: (a) contour lines in meters based on Sissakian (2011); (b) model segments of Tharthar
Lake; and (c) model side view of longitudinal profile of Tharthar Lake (on the left is the outlet of the lake at segment
297 with a brown color).
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2.4 Model Input Data
2.4.1 Flow and Water Level
Field data of flowrates (Fig. 5) and water level in the mainstem of the Tigris River (Table 2) were provided from the
Iraqi Ministry of Water Resources (IMWR) for the simulation period from January 1, 2009 to December 31, 2009. In
2009, the Tigris River within Iraq received waters from the upper Tigris Basin, the Upper Zab River, the Lower Zab
River, the Diyala River and the Audaim River, with contributions of approximately 52%, 33%, 8%, 6.2% and 0.78%,
respectively, of the total flow in the river (CSO 2010). The Upper Zab River is the largest contributor compared with
all tributaries inside Iraq, while the Audaim River had little impact on the Tigris River flow. With no dams, the Upper
Zab River is an uncontrolled tributary. Although flowrate data were unavailable for both the Upper Zab River and the
Lower Zab River, daily flowrates at theses tributaries were estimated by computing a daily flow difference between
Mosul Dam and Baeji. The difference in flow was allocated at 80% for the Upper Zab River and 20% for the Lower
Zab River according to CSO (2010). Daily average flowrates of the Audaim River were provided from the IMWR,
while monthly average flowrates in the Diyala River were estimated from CSO (2010). About 6% of the average water
in the Tigris River was withdrawn from the main stream of the river within Baghdad in 2009 to supply eight water
treatment plants located on both river banks. These withdrawals were specified in the model according to the produced
capacity of each treatment plant. Other inflows, such as precipitation, flowrate from wastewater treatment plants
(WWTPs), agricultural return flows, and flowrate of groundwater, were unavailable but were accounted for within the
model by using a distributed tributary where flow is added to every segment in a branch rather than at one segment .
Distributed tributary flowrates were estimated by performing a water balance during flow calibration.
Table 2: Field data of the Tigris River model.
Station
Mosul Dam

River km
0

Field Data
Flow

Frequency
Daily

Baeji

290

Flow, Stage

Daily

Discharge from
Samarra Barrage

390

Flow

Daily

Baghdad

577

Flow, Stage

Daily

Kut Barrage

880

Flow

Daily
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Fig. 5 Daily flowrates of the Tigris River in 2009 at: (a) mainstem; and (b) tributaries.

2.4.2 Total Dissolved Solids
Input concentrations of total dissolved solids (TDS) were required for the entire simulation time for all inflows.
Monthly averaged field data of TDS (Fig. 6) were provided from the IMWR for the mainstem of the Tigris River at
Mosul Dam, Samarra Barrage, Baghdad, and Kut Barrage. The IWRM also provided TDS concentrations for both
Audaim and Diyala tributaries, while TDS concentrations in the Upper Zab and the Lower Zab tributaries were
unavailable and were assumed to be the same as in Mosul and Samarra, respectively. Hence, the model linearly
interpolated between monthly averaged TDS concentrations for all model inflows. TDS concentrations in the Tigris
River started to significantly increase downstream of Samarra Barrage at Baghdad and Kut where water exceeds the
optimum TDS concentration of less than 500 mg/L. Generally, the water in the Tigris River at Kut is unacceptable for
most uses as TDS concentration is above 1000 mg/L. According to Aziz and Aws (2012), the average TDS
concentrations at the main three sewage treatment plants in Baghdad discharged into the Tigris river system are 2644
mg/L, 1766 mg/L, and 2507 mg/L at Karkh, Old Rustumiyah, and New Rustumiyah, respectively.
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Fig. 6 Field data of total dissolved solids in the Tigris River in 2009.

2.4.3 Meteorological Data of the Tigris River Model
W2 utilizes air and dew point temperature, wind speed and direction, and cloud cover and solar radiation.
Meteorological data for the year 2009 were provided for three cities from the Iraqi Meteorological Organization and
Seismology. Available meteorological data include air temperature, dew point temperature, wind speed and direction,
and cloud cover every 4 hours at Mosul, Baeji, and Baghdad. Spatially, meteorological data at Mosul covered the
study area from Mosul Dam (Rkm 0) to Baeji (Rkm 290), meteorological data at Baeji covered the study area from
Baeji (Rkm 290) to Samarra Barrage (Rkm 390), and data at Baghdad covered the region from Samarra Barrage to
Kut Barrage (Rkm 880).

3 Model Calibration
The mainstream of the river from Mosul Dam (River km 0) to Kut Barrage (River km 880), in addition to Tharthar
Lake and its canals, were simulated and calibrated for the year 2009. Model predictions compared to field data
included flow and stage, water temperature, and TDS.
3.1 Flow Calibration
3.1.1 Tharthar Lake
According to CSO (2010), the water level in Tharthar Lake dropped from 45.75 m in October 2008 to 44 m in October
2009. The initial condition of water level in the lake was assumed at 45.5 m in January 1st, 2009. The water level in
the lake was controlled by the amount of flow input through the Tigris-Tharthar canal and was calibrated to only one
data point in October 2009 (Fig. 7). Model calibration of the water level in the lake was carried out through multiple
iterations by adjusting the outflow from Tharthar Lake which was diverted to both the Euphrates River through
Tharthar-Euphrates canal and to the Tigris River through Tharthar-Tigris canal. Flowrates through the Tharthar-Tigris
canal were assumed, while the excess lake’s water was diverted to the Euphrates River. During Spring freshet in May
2009, a large volume of fresh water was diverted to Tharthar Lake through Tigris -Tharthar canal causing a significant
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increase in the lake’s stage. Evaporation in Tharthar Lake was a significant factor that affected the water level,
temperature, and TDS in the lake. Model predictions of evaporation in Tharthar Lake was 2.2 m for the simulated year
2009 and agreed with the annual evaporation of 2.27 m measured in Haditha Lake, 60 km northwest Tharthar Lake,
during the water year 2008-2009 (CSO 2010). The W2 evaporation model (Cole and Wells 2017) was based on the
W2 model default evaporation wind speed function, 𝑓(𝑊 ) = 9.2 + 0.46𝑊 2 , where f(W) is in units of W m-2 (mm
Hg)-1 , W is the wind speed at 2 m height in m/s. This was used in conjunction with the model prediction of temperature
and available meteorological data computing evaporative mass loss, E in kg/m2 /s, from 𝐸 = 𝐿−1
𝑣 𝑓(𝑊 )(𝑒𝑠 − 𝑒𝑎 ) where
Lv is the latent heat of vaporization in J kg -1 , es is the saturated vapor pressure at the surface temperature and e a is the
vapor pressure of the air in mm Hg.

Fig. 7 Model predictions for: (a) water level in Tharthar Lake in 2009; and (b) flowrates in the Tigris-Tharthar
canal and Tharthar-Tigris canal.

3.1.2 The Tigris River
The model calibration of flowrate and water level along the mainstem of the Tigris River started at the upstream
portions of the model and moved downstream comparing model predictions of flow and water level to field data of
flow and water level provided by the IMWR at Baeji, Samarra Barrage, and Baghdad for the model simulation year
2009. However, flow data were likely to contain uncertainty due to random and systematic errors in measuring gaged
stream flow (Baldassarre and Montanari 2009; Cohn et al. 2013). Flow and water level at Baeji, Samarra Barrage, and
Baghdad were compared in Fig. 8. The flow calibration process was based on adding or subtracting flow through a
distributed tributary that accounted for ungaged inflows during storm events or outflow from the system such as from
numerous ungaged irrigation withdrawals along the river banks. Flow calibration by adding a distributed tributary was
done through multiple iterations until model predicted flows agreed with field data. The percentage error of flowrate
at Baeji, Samarra Barrage, and Baghdad were 1.93%, 0.83%, and 0.81%, respectively. Calibration of the water level
was carried out by adjusting Manning’s coefficients, branch slope and bottom elevation. The absolute mean errors for
water level and flowrate were 0.04 m and 12.57 m3 /s at Baeji, 0.02 m and 3.67 m3 /s at Samarra Barrage, and 0.02 m
and 3.39 m3 /s at Baghdad. Error statistics for model comparisons with the field data are listed in Table 3. This
compares to similar studies using CE-QUAL-W2 modeling and calibrating the Chehalis River, about 200 km, located
in the southwest region of Washington State in the United States (Van Glubt et al. 2017). Distributed tributaries were
also used in this study to calibrate for ungaged inflows and outflows in the river; model results showed an average
absolute mean error of 5 m3 /s overall in the study area where in-stream flows varied to a peak of 750 m3 /s.
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Fig. 8 Model predictions of flowrate and water level at: (a, b): Baeji; (c, d) Samarra Barrage; and (e, f) Baghdad.

Table 3: Error statistics for model comparisons to field data for flow and water level (W.L.)
Baeji
Error
ME

W.L.
(m)
0.001

AME

Samarra Barrage

-5.989

W.L.
(m)
0.008

0.037

12.574

RMSE

0.057

# of
comparisons, n

360

Baghdad

-0.731

W.L.
(m)
0.003

0.023

3.673

0.019

3.388

17.036

0.038

6.921

0.025

4.475

360

360

360

360

360

Flow (m3 /s)

Flow (m3 /s)

Flow (m3 /s)
0.031

11

Model distributed tributaries and inflows are shown in Fig. 9. Distributed tributaries at Baghdad (Fig. 9b) and Kut
(Fig. 9c) mostly had negative flows , indicating water being withdrawn from the system because of irrigation. Crops
are mainly produced in the irrigated areas in central and southern Iraq using irrigation water from the Tigris River
(FAO 2012). Moreover, crops in the Mesopotamian Plain require intensive irrigation due to low annual rainfall, hot
summers, and very high evaporation rates (FAO 2008). Generally, winter crops are produced during the period fro m
October to May, and summer season crops are produced from March to September. We compared model distributed
tributaries with estimated irrigation demand along the Tigris River at Baghdad, Diyala and Kut. The irrigation land in
each area was provided from CSO (2010). Assuming 12.7 cm depth of water required for irrigated crops over a year,
the estimated amounts of irrigation demand in Baghdad, Diyala and Kut are listed in Table 4. It was found that average
model estimation of irrigation flows as distributed tributaries at Baghdad and Kut was about 95 m3 /s and 200 m3 /s
compared with the estimate of irrigation demand of 76 m3 /s and 250 m3 /s, respectively.
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Fig. 9 Inflow and distributed flow (QDT) of the Tigris River model in: (a) model branch 2; (b) model branch 3;
and (c) model branch 4.
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Table 4 Model and theoretical estimation of irrigation water in Baghdad, Diyala and Kut

Total Irrigated
Area (Dunam)
CSO (2010)

Total Irrigated
Area (m2 )

Model Estimation of
Irrigation as Distributed
Tributary (m3 )

Theoretical Estimation of
Irrigation (m3 )

Baghdad
and Diyala

18,940,000

18.94E+09

3.00E+09

2.40E+09

Kut

62,210,000

62.21E+09

6.35E+09

8.00E+09

City

Water depths along the Tigris River were sensitive to the channel friction as represented by the Manning
coefficient. The adjustment of the Manning friction coefficient was used to match water level to field data. About 74%
of the Tigris River bed within Mosul city is very coarse gravel (Othman and Deguan 2004), while the bed of the Tigris
River within Baghdad city is mainly covered by sand (Ali et al. 2012; Al-Ansari et al. 2015). Manning coefficients in
the Tigris River (Table 5) were selected based on values reported by Chow (1959). In Baghdad, 13 bridges were
constructed on the Tigris River, while only five bridges were cons tructed on the Tigris River within Mosul (Fig. 10).
Bridge piers are obstacles to stream flows and cause backwater and consequently cause an effective increase in
Manning coefficient (Charbeneau and Holley 2001). High Manning friction in the Tigris River within Baghdad is due
to the effect of channel irregularity (scoured banks), channel obstruction (debris deposits and bridge piers), the degree
of meandering, and imperfections in the cross -sectional geometry.

Fig. 10 Bridges and meandering on the Tigris River at: (a) Mosul; and (b) Baghdad (Google Earth).

Table 5: Manning coefficients and slopes used in the Tigris River model
Model
Branch

Manning's
Coefficients

Slope

Details

1

0.025

0.00054

From Mosul Dam to 15 km Downstream
of Tikrit

14

2

0.025

0

Samarra Barrage

3

0.050

0.000154

From Samarra Barrage to 70 km
Downstream of Baghdad

4

0.050

0

Kut Barrage

5

0.011

0.00012

Tigris-Tharthar Canal

6

0.011

0

Tharthar Lake

7

0.011

0.00011

Tharthar Arm

8

0.011

0.0002

Tharthar-Tigris Canal

9

0.011

0.0001

Erwaeiya Canal

3.2 Temperature Calibration
Water temperature in the Tigris River was calibrated after the flowrate calibration was finalized since water
temperature was dependent on water depth. Water temperatures in the Tigris River were also affected by hydrologic
and climate conditions. Due to a lack of the in situ measurements for calibration, we used remote sensing technique
to estimate water temperature in the Tigris River. Statistical models based on satellite imagery at Mosul Dam, Baeji
and Baghdad were developed to estimate daily water temperature for upstream boundary conditions and downstream
model calibration. Modeled temperatures had an AME at several locations including Tharthar Lake of about 1 o C
using satellite estimates of inflow and in situ temperatures. A full description of the temperature modeling in the Tigris
River is shown in Al Murib (2018) and in Al-Murib et al. (2019).

3.3 TDS Calibration
Model predictions of TDS constituents were compared to the measurements in the Tigris River when field data were
available (Fig. 11). In-situ monthly average data of total dissolved solids were provided by the IMWR at Mosul Dam,
Samarra Barrage, Baghdad and Kut Barrage. Some factors such as relatively low flowrates, high TDS concentrations
introduced to the mainstem of the Tigris River upstream of Baghdad through the Tharthar-Tigris canal, and ungaged
irrigation return flows that were directly discharged into the mainstem of the Tigris River through numerous man made irrigation channels along both river banks caused high TDS in the mainstem of the river at Baghdad (Fig. 11c)
and Kut (Fig. 11d) during the first two months of the year (winter time). Considerable irrigation return flows enter the
river system, and TDS concentrations in the Tigris River significantly increased from 280 mg/L at the Turkey-Iraq i
border to 1500 mg/L at Amara city, located 200 km south of Kut Barrage (World Bank 2006). Therefore, a tributary
was introduced into the mainstem of the Tigris River and was placed downstream of Samarra Barrage to account for
high TDS concentration in Baghdad during the first two months of the year to adjust for the deficit in TDS
concentrations during the winter months. No calibration parameters were adjusted during calibration. However,
calibration process was carried out by adjusting the inflow TDS boundary conditions. As TDS concentrations
decreased with increasing dilution (Ansari et al 2012), the initial condition of TDS at Tharthar Lake was 1300 mg/ L
and dropped down to about 1150 mg/L at the end of the simulation due to a continuous dilution through Tigris Tharthar canal. However, field data of TDS in Tharthar Lake were not available for model comparison . Table 6 lists
error statistics of model predictions for TDS compared with the monthly averaged field data at Samarra Barrage,
Baghdad city and Kut Barrage.
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Fig. 11 Model TDS predictions compared to the Tigris River field data at: (a) Mosul; (b) Samarra Barrage; (c)
Baghdad; (d) Kut Barrage.

Table 6 Error statistics for model predictions of TDS in the middle of the month compared to field data
Error

Samarra Barrage

Baghdad

Kut Barrage

ME (mg/L)

2.6

-12.9

17.7

AME (mg/L)

27.1

53.2

53.2

RMSE (mg/L)

31.7

64.8

60.4

# of
comparisons, n

12

12

12

4 Model Management Scenarios
To obtain better insight into the factors which impact total dissolved solids (TDS) in the Tigris River, multiple
scenarios were implemented to simulate the effect of changing management of upstream hydrology and the impact of
disconnecting Tharthar Lake from the Tigris River system. These scenarios were then compared with the base model
showing existing conditions of the simulated year 2009.
Hydrology of the Tigris River system has been significantly impacted by flows entering Iraq at the Turkey-Iraq
border. According to Al-Ansari and Knutsson (2011), the mean annual discharge of the Tigris River at Mosul Dam
has decreased by 15% since 1984. To compare with the historical flow before 1984 when Turkey began exerting more
control over the flow of the Tigris , flow boundary conditions at Mosul Dam were increased by 15% over 2009 levels
to study its impact on downstream TDS during this year. Compared with the base model, increasing only upstream
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river flow by 15% (Fig. 12a) resulted in decrease in the average TDS concentrations of the Tigris River and Tharthar
Lake by 5% and 1%, respectively.
In the future and as a result of constructing several new dams in Turkey, river discharge in the Tigris River is
expected to continue to decrease. Therefore, we also studied the effect of potential decrease in upstream flow by an
additional 15%. The upstream flow boundary condition of the Tigris River system at Mosul Dam was decreased by
15% (Fig. 12b) to study the effect of altering flow on the mainstem of the river and thereby also decreasing the flow
to Tharthar Lake. As was expected, concentrations of TDS concentrations increased with decreasing upstream flow at
Mosul Dam due to a decrease in dilution. TDS concentrations were increased by 6.5% (from 495 mg/L to 527 mg/L)
in the mainstem of the Tigris River and by 1.1% (from 1239 mg/L to 1253 mg/L) in Tharthar Lake.
Although Tharthar Lake is the only storage reservoir that protects the Tigris River from flooding, we also evaluated
the impact of disconnecting Tharthar Lake and its canals (Tigris -Tharthar canal, Tharthar arm and Tharthar-Tigris
canal) on the TDS concentration in the mainstem of the Tigris River. Therefore, Tharthar Lake and its canals were
disconnected from the entire system (Fig. 12c). TDS concentrations in the mainstem of the Tigris River showed a
significant decrease by 25% due to a high volume of water pass ing Baghdad and downstream cities through Samarra
Barrage.
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Fig. 12 Total dissolved solids (TDS) difference between model predictions for the base model (existing conditions)
and management scenarios: (a) increasing upstream flow by 15%; (b) decreasing upstream flow by 15%; and (c)
disconnecting Tharthar Lake from the Tigris River system.
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5 Conclusions
Water flow, stage, temperature and total dissolved solids (TDS) of the Tigris River mainstem from Mosul Dam (River
km 0) to Kut Barrage (River km 880) and Tharthar Lake with its canals were modeled using the 2-D (x-z)
hydrodynamic and water quality model CE-QUAL-W 2. The Tigris River system was divided into 9 waterbodies and
branches with 343 total longitudinal segments with vertical layers of 1 m height. The model was calibrated using
limited field data from January 1st, 2009 to December 31st, 2009. Management scenarios were performed and
compared with the base model of the Tigris River to giv e more insight into how TDS responds to altering upstream
hydrology at Mosul dam and to disconnecting Tharthar Lake from the Tigris River system.
Model predictions of flow and water level were calibrated at Baeji, Samarra Barrage and Baghdad . The absolute
mean error of flow was recorded as 12.6 m3 /s, 3.7 m3 /s and 3.4 m3 /s at Baeji with peak flows of 1700 m3 /s, Samarra
Barrage with peak flows of 600 m3 /s, and Baghdad with peak flows close to 600 m3 /s, respectively. To allow flow
calibration, a distributed tributary was added to the Tigris River model to account for ungaged flow such as ground
water, runoff, and irrigation return flow. On average, percentage errors of flowrate at Baeji, Samarra Barrage, and
Baghdad were 1.93%, 0.83%, and 0.81%, respectively. On the other hand, high Manning friction in the Tigris River
within Baghdad was observed because of channel irregularities, obstructions, meandering, and inaccuracies in the
cross-sectional geometry. Model predictions of water level in the Tigris River were less than 0.1 m in absolute mean
error at three river locations. The model friction factors were adjusted to match water level data. Also, water level
predictions in Tharthar Lake matched the one data point in October 2009 as a result of en suring that the evaporation
rate agreed with field data in a nearby lake.
Model predictions of TDS were compared to field data at Samarra Barrage, Baghdad, and Kut Barrage. The
absolute mean error of TDS calibration was recorded as 27 mg/L, 53 mg/L, and 53 mg/L at Samarra Barrage,
Baghdad, and Kut Barrage, respectively. TDS concentrations in the Tigris River varied from 300 to over 1000 mg/ L.
It was concluded that the average TDS concentration in the mainstem of the Tigris River could be maintained below
500 mg/L if the average annual flow in the Tigris River within Baghdad was maintained above 420 m3 /s. Diverted
water from Tharthar Lake to the mainstem of the Tigris River upstream of Baghdad, unregulated effluents from
three wastewater treatment plants within Baghdad, and irrigation return flow in Baghdad and downstream caused a
significant increase in TDS concentrations in the Tigris River. Although highly saline water was discharged to the
mainstem of the Tigris River upstream of Baghdad through the Audiam River, this did not significantly contribute to
increasing TDS concentration in the mainstem because the flowrates were very low.
To improve water quantity and quality of the Tigris River, better monitoring field data (flow, temperature, TDS)
would provide better boundary condition field data for the model. This study did show that by using a basic model
framework with limited data, data gaps could be filled that led to a reasonable calibration to field data. The boundary
conditions that would most affect water quality in the river include the outflow from Mosul Dam and flows from the
Upper Zab tributary which is the largest contributor to the Tigris River. Knowing unregulated water withdrawals along
the Tigris River as a result of irrigation demand would also improve the predictive ability of the model. The high TDS
entering the Tigris River is largely from Tharthar Lake as a result of evap oration, as well as from agricultural return
flows which are largely unknown. To keep TDS concentrations in the Tigris River system within acceptable levels,
wastewater should efficiently be treated before discharging into the river system. Also, man -made canals used for
irrigation could strictly be monitored to regulate and control the impact of irrigation return flow on the mainstem of
the Tigris River.
A modeled 15% increase in upstream flow at Mosul Dam showed a decrease in the average TDS concentrations
from 495 mg/L to 470 mg/L in the mainstem, while modeled 15% decrease in upstream flow at Mosul Dam showed
an increase in TDS concentrations from 495 mg/L to 527 mg/L in the mainstem. Disconnecting Tharthar Lake fro m
the Tigris River system significantly affected the hydrologic regime downstream of Samarra Barrage by passing 36%
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more water from Samarra Barrage to Baghdad causing a substantial decrease in TDS concentration by 25% as a result
of low TDS water moving downstream.
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Appendi x A CE-QUAL-W2 Governing Equations
The water quality state variables include (Cole and Wells 2017):
1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

any number of generic constituents defined by a 0 and/or a 1st order decay rate and/or a settling velocity
and/or an Arrhenius temperature rate multiplier that can be used to define any number of the following:
a. conservative tracer(s)
b. water age or hydraulic residence time
c. N2 gas and %Total Dissolved Gas
d. coliform bacteria(s)
e. contaminant(s)
any number of inorganic suspended solids groups
any number of phytoplankton groups
any number of periphyton/epiphyton groups
any number of CBOD groups
any number of submerged macrophyte groups
ammonium
nitrate+nitrite
bioavailable phosphorus (commonly represented by orthophosphate or soluble reactive phosphorus)
silica (dissolved and particulate)
labile dissolved organic matter
refractory dissolved organic matter
labile particulate organic matter
refractory particulate organic matter
total inorganic carbon
alkalinity
iron and manganese
dissolved oxygen
organic sediments
gas entrainment
any number of macrophyte groups
any number of zooplankton groups
labile dissolved organic matter-P
refractory dissolved organic matter-P
labile particulate organic matter-P
refractory particulate organic matter-P
labile dissolved organic matter-N
refractory dissolved organic matter-N
labile particulate organic matter-N
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30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

refractory particulate organic matter-N
Sediment and water column CH4
Sediment and water column H2 S
Sediment and water column SO4
Sediment and water column Sulfide
Sediment and water column FeOOH(s)
Sediment and water column Fe +2
Sediment and water column MnO2 (s)
Sediment and water column Mn +2
Sediment organic P, sediment PO4
Sediment organic N, sediment NO3 , sediment NH4
Sediment Temperature
Sediment pH
Sediment alkalinity
Sediment Total inorganic C
Sediment organic C
Turbidity correlation to Suspended solids

Governing Equations
X-Momentum

𝜕𝑈
𝜕𝑈𝐵 𝜕𝑈𝑈𝐵 𝜕𝑊𝑈𝐵
1 𝜕𝐵𝑃 𝜕 (𝐵𝐴𝑥 𝜕𝑥 ) 𝜕𝐵𝜏𝑥
+
+
=−
+
+
𝜕𝑡
𝜕𝑥
𝜕𝑧
𝜌 𝜕𝑥
𝜕𝑥
𝜕𝑧
Where
U = longitudinal, laterally averaged velocity, m/s
B = water body width, m
t = time, s
x = longitudinal Cartesian coordinate
z = vertical Cartesian coordinate
W = vertical, laterally averaged velocity, m/s
ρ = density, kg/m3
P = pressure, N/m2
A x = longitudinal momentum dispersion coefficient, m2 /s 2
τx = shear stress per unit mass, m2 /s 2
Z-Momentum

0=𝑔−

1 𝜕𝑃
𝜌 𝜕𝑧

Where
g = acceleration due to gravity, m/s2
Continuity

𝜕𝑈𝐵 𝜕𝑊𝐵
+
= 𝑞𝐵
𝜕𝑥
𝜕𝑧
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Where
q = lateral boundary inflow or outflow, m3/s
Free-Surface
ℎ
𝜕𝐵𝜂 𝜂 𝜕 ℎ
=
∫ 𝑈𝐵𝑑𝑧 − ∫ 𝑞𝐵𝑑𝑧
𝜕𝑡
𝜕𝑥 𝜂
𝜂

Where
Bη = spatially and temporally varying surface width, m
η = free water surface location, m
h = total depth, m

Constituent Transport

𝜕𝜑
𝜕𝜑
𝜕𝐵𝜑 𝜕𝑈𝐵𝜑 𝜕𝑊𝐵𝜑 𝜕 (𝐵𝐷𝑥 𝜕𝑥 ) 𝜕 (𝐵𝐷𝑧 𝜕𝑧 )
+
+
−
−
= 𝑞𝜑 𝐵 + 𝑆𝑘 𝐵
𝜕𝑡
𝜕𝑥
𝜕𝑧
𝜕𝑥
𝜕𝑧
Where
φ = laterally averaged constituent concentration, mg/L
Dx = longitudinal temperature and constituent dispersion coefficient, m2 /s
Dz = vertical temperature and constituent dispersion coefficient, m2 /s
q φ = lateral inflow or outflow mass flow rate of constituent per unit volume, mg/L/s
Sk =kinetics source/sink term for constituent

Equation of State

𝜌 = 𝑓(𝑇, 𝜑𝑇𝐷𝑆 , 𝜑𝑆𝑆 )
Where
T = temperature, o C
φ TDS = total dissolved solids concentration, mg/L
φ SS = suspended solids concentration, mg/L
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